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We propose three-dimensional (3D) profilometry based on a Fourier transform in which a two-
dimensional (2D) Dammann grating and a cylindrical lens are used to generate structured light. The
Dammann grating splits most of the illumination power into a 2D diffractive spot matrix. The cylindrical
lens transforms these 2D diffractive spots into one-dimensional fringe lines that are projected on an
object. The produced projection fringes have the advantages of high brightness and high contrast
and compression ratios. The experiments have verified the proposed 3D profilometry. The 3D profilome-
try using Dammann grating should be of high interest for practical applications. © 2009 Optical Society
of America
OCIS codes: 110.6880, 050.1970, 120.2830, 150.6910.
1. Introduction
Fourier transform profilometry (FTP) [1,2] was intro-
duced by Takeda et al.more than 20 years ago. Since
then, FTP has been extensively studied [3–7]. In the
original optical geometry of FTP, a sinusoidal or a
Ronchi grating is employed to generate a structured
fringe pattern. The deformed grating image due to
the height distribution of the object is captured by
a CCD camera and stored in a computer, and then a
FTP algorithm is applied to reconstruct the three-
dimensional (3D) surface topology.
In practical applications, the FTP technique is sen-
sitive to fringe overlapping and low fringe visibility
[5,6]. These problems will result in the presence of so-
called frequency leakage and cause distortion errors
in the measurement of 3D objects. In the case that a
miniaturized object is to be measured, the overlap-
ping of projection fringes might easily appear, due
to low fringe contrast and compression ratios (de-
fined as the period to the bright width of the projec-
tion fringes). The inadequate lighting of a local area
because of complex surface topology and the low
brightness of incident structured light gives rise to
low fringe visibility. It usually needs to produce
projection fringes of high brightness and high com-
pression and contrast ratios. However, a Ronchi or
a sinusoidal grating pattern cannot satisfy these
requirements.
A Ronchi grating or an amplitude sinusoidal grat-
ing produces structured pattern by blocking part of
the incoming rays. This characteristic inherently sac-
rifices useful incident power. Taking a Ronchi grating
(an amplitude transmission grating with duty cycle
of 1=2) as an example, the energy efficiency is no
more than 50%. For this kind of grating, high energy
efficiency relies on a large opening ratio (duty cycle)
of the grating pattern. On the other hand, a high
fringe compression ratio expects a small opening ra-
tio. So there exists a trade-off between energy effi-
ciency and the compression ratio.
A Dammann grating can generate structured illu-
mination with high energy efficiency [8]. Due to its
diffractive property, a two-dimensional (2D) Dam-
mann grating is capable of splitting most of the inci-
dent power into desired diffractive orders with equal
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intensity. The 2D diffractive spot pattern of a Dam-
mann grating has the merits of high brightness and
high compression ratio (defined as the period to the
size of each feature spot). As the background takes no
incident energy, it achieves a high contrast ratio of
the signal to the background noise in the diffractive
pattern. An initial and incomplete work of using a
Dammann grating in a 3D imaging scheme has been
reported [9]. A more complete work, including the
fringe transformation procedure, phase-to-height ca-
libration, and reconstruction of complex geometry, is
reported in this paper.
This paper reports a new fringe generation method
of using a 2D Dammann grating and a cylindrical
lens together to produce projection fringes of high
brightness and high contrast and compression ratios.
The cylindrical lens here is adopted to transform the
2D spots pattern of the Dammann grating into 1D
fringe lines. It solves the problems of low energy ef-
ficiency and low contrast and compression ratios.
The generated structured pattern is used in the 3D
reconstruction of an object.
Furthermore, in this paper we propose a three-
dimensional (3D) measurement system in Fig. 1 that
employs a 2D Dammann grating and a cylindrical
lens for structured illumination. We demonstrate
how to align up the Dammann grating with the cy-
lindrical lens for generating structured light. We
report the experiments where this technique can ef-
ficiently reconstruct the 3D surface of an object.
2. Fourier Transform Profilometry
The general geometric principle of FTP [2,5] is shown
in Fig. 1. The optical axis HO of the projection chan-
nel and IO of the imaging channel cross at O on plane
P2. Plane P2 is normal to IO and serves as a reference
[hðx; yÞ ¼ 0] from which the object height hðx; yÞ is
measured. D denotes a measured point on the object.
d0 and L0 are the distances between H and I, and I
and O, respectively.
In FTP, an object to be measured with height
distribution hðx; yÞ generates the deformed fringe
pattern:
gðx; yÞ ¼ rðx; yÞ
X∞
n¼−∞
An expfi½2πnf 0xþ nφðx; yÞg:
ð1Þ
For the reference image, the height distribution is
hðx; yÞ ¼ 0. Equation (1) is rewritten as
g0ðx; yÞ ¼ r0ðx; yÞ
X∞
n¼−∞
An expfi½2πnf 0xþ nφ0ðx; yÞg;
ð2Þ
where rðx; yÞ and r0ðx; yÞ are nonuniform distribu-
tions of reflectivity on the diffuse object and the re-
ference plane, respectively. An is the weight factor of
the Fourier series, f 0 is the fundamental frequency of
the observed grating image, and φðx; yÞ and φ0ðx; yÞ
are phase modulations resulting from the height
distributions.
After the Fourier transformationmethod inEqs. (1)
and (2), we obtain a complex object signal and a re-
ference signal:
g
∧ðx; yÞ ¼ A1rðx; yÞ exp½i2πf 0xþ φðx; yÞ; ð3Þ
g
∧
0ðx; yÞ ¼ A1r0ðx; yÞ exp½i2πf 0xþ φ0ðx; yÞ: ð4Þ
From Eqs. (3) and (4), the variable phase change,
which is reflected directly with the height distribu-
tion, can be obtained as
Δφðx; yÞ ¼ Imflog½g∧ðx; yÞg∧0
ðx; yÞg: ð5Þ
A step called phase unwrapping is taken to avoid
phase ambiguities for generation of continuous
phase distribution.
The variable phase is introduced by the surface to-
pology of the object as Δφðx; yÞ. The height distribu-
tion encoded in the deformed fringe pattern is
retrieved by
hðx; yÞ ¼ L0Δφðx; yÞΔφðx; yÞ − 2πf 0d0
: ð6Þ
Substituting Eq. (5) into Eq. (6), the height distribu-
tion hðx; yÞ is obtained.
Usually in Eq. (6), the first termΔφðx; yÞ in the de-
nominator is far less than the second term, 2πf 0d0, in
absolute value. So the height distribution hðx; yÞ is
proportional to phase variability Δφðx; yÞ if the first
term is neglected:
hðx; yÞ ≈ L0Δφðx; yÞ
−2πf 0d0
: ð7Þ
3. Generation of the Projection Fringe Pattern
In practical applications, the FTP algorithm is sensi-
tive to low fringe visibility and fringe overlapping
[5,6]. Low incident power level, local surface shadow,
and strong surface reflection and scattering all re-
duce fringe visibility. And in the measurement of a
Fig. 1. Schematic of 3D Fourier transform profilometry using a
Dammann grating.
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miniaturized complex object, fringe overlapping
usually occurs due to a limited fringe compression ra-
tio and results in height discontinuity in 3D recon-
struction. A feasible solution to these difficulties is
to use projection fringes of high brightness and high
contrast and compression ratios.
In Fig. 2, we present the generation of projection
pattern of high brightness and high contrast and
compression ratios adopting a 2D Dammann grating
and a cylindrical lens. Here, the 2D Dammann grat-
ing [8,10,11] is designed to split the incident power
efficiently into a 2D spot distribution as illustrated
in Fig. 3(a). With optimized design and fabrication,
the illumination energy is diffracted to each feature
spot equally. Usually, a binary phase, such as 0 and π,
is employed for a Dammann grating.
The transmission function of a single period of the
Dammann grating [12] is
pkðyÞ ¼ rect

y − ðykþ1 þ ykÞ=2
ykþ1 − yk

; ð8Þ
where y is the location of each phase transitional
point. ykþ1 and yk denote the ðkþ 1Þth and kth order
transitional points, respectively. The Fourier trans-
form of Eq. (8) is
IfpkðyÞg ¼
1
2nπ ½ðsin αkþ1 − sin αkÞ
þ iðcos αkþ1 − cos αkÞ: ð9Þ
Here, αk ¼ 2nπyk, where n is the diffractive order.
The intensity In of the nth order diffractive point is
written as
In ¼

1
2nπ

ðPnÞ2R þ ðPnÞ2I

; ð10Þ
where
ðPnÞR ¼
XK
k¼0
ð−1Þkðsin αkþ1 − sin αkÞ
¼ 2
XK
k¼1
ð−1Þkþ1 sin αk − sin 2nπ; ð11Þ
ðPnÞI ¼ 2
XK
k¼1
ð−1Þkþ1ðcos αkþ1 − cos αkÞ
¼ 2
XK
k¼1
ð−1Þkþ1 cos αk − cos 2nπ − 1: ð12Þ
ðPnÞR and ðPnÞI are the summations of real and ima-
ginary parts, respectively.
The intensities of the zeroth diffractive order I0
and nth order In are given by
I0 ¼

1þ 2
XK
k¼1
ð−1Þkyk

2
; ð13Þ
In ¼

1
nπ

2
XK
k¼1
ð−1Þk sin αk

2
þ

1þ
XK
k¼1
ð−1Þk cos αk

2

: ð14Þ
By computer simulation, using the gradient algo-
rithm presented in Ref. [8], a desired diffractive dis-
tribution with equal intensity in each feature spot is
achieved. Compared with the Ronchi or sinusoidal
grating, the use of Dammann grating as a pattern
generator has attractive advantages as in the
following.
First, the incident energy is efficiently diffracted
into desired orders. The energy efficiency can easily
reach a high level. This feature of the 2D Dammann
grating minimizes the power level required for the
illumination source and generates projection fringes
of high brightness.
Second, a high compression ratio is achieved in the
2D diffractive pattern. In Fourier optics [13], the fun-
damental diffractive principle of a grating with per-
iod d is presented by d sin θ ¼ nλ. The period of the
diffractive pattern is approximately λz=d with dis-
tance z from the grating plane. On the other hand,
the size of a single diffractive spot can be treated
to have diffraction limited width, namely 1:22λz=D,
where D is the diameter of incident aperture on
the grating surface. So the compression ratio of the
2D Dammann grating is roughly D=d. The diameter
D is usually much larger than the period d.
Third, the uniform diffractive pattern is projected
against a dark field to allow for a high contrast ratio.
Fig. 2. Generation of an array line pattern with a 2D Dammann
grating and a cylindrical lens. P1 is the convergent plane of the
illuminator consisting of L1, the Dammann grating, and L2, and
P2 is the reference plane. Sn is the extended fringe line formed
by the nth diffractive rays.
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Due to the diffractive property of the Dammann grat-
ing, most of the incident power is equally transferred
into diffractive spots instead of the background. As a
result, a high contrast ratio of the projected spots is
achieved, which will help for fringe visibility and pat-
tern recognition.
Last, the density of the feature spots, which deter-
mines the sampling frequency and the accuracy of
the 3D measurement, is not dependent on the size
of the Dammann grating. A small-sized Dammann
grating can be designed for the generation of a
high-density spot matrix for practical applications.
On the basis of the characteristics of the 2D
Dammann grating, a cylindrical lens is adopted to
transform the 2D diffractive spots into 1D projection
fringes. The cylindrical lens provides this conver-
sion by extending the 2D diffractive pattern in one
dimension.
It is known that a cylindrical lens can extend a sin-
gle spot to limited length. However, the redistributed
intensity along the formed short fringe is usually not
uniform owing to the limited extending capacity of
the cylindrical lens. That is the main reason why it
is not suitable to use a 1D Dammann grating and a
cylindrical lens to generate projection fringes. This
problem can be elegantly solved by the employment
of a 2D Dammann grating. In this process, instead of
a single spot, an array of diffractive spots is used to
generate a fringe line. As each spot in the array takes
the same intensity and can be extended to a shorter
length, a relatively uniform fringe is obtained. In
Fig. 3(a), an array of 21 × 21 spots is produced by
a 2D Dammann grating. To extend a spot array in
the Y dimension into a single fringe line, shown in
Fig. 3(b), the minimum extended length of each fea-
ture spot is expected to be λz=d, namely, the distance
between neighboring diffractive spots.
The transformation process is illustrated in Fig. 2.
The illuminator consists of a convergent lens L1, a 2D
Dammann grating G1, and a cylindrical lens L2. A LD
laser is used as the light source. P1 is the convergent
plane of the illuminator, and P2 is the projection (re-
ference) plane in the 3D profilometry.
For simplicity, the illuminator is assumed to be
under collimated illumination. z0 and z1 are the dis-
tances between L2 and G1, and L2 and P2, respec-
tively. The extended length sn upon the reference
plane P2 is required to be no less than the period
of the diffractive pattern, i.e.,
sn ≥ ðz0 þ z1Þ 
λ
d
; ð15Þ
and in the other dimension, a little defocus is intro-
duced in the projection fringes. However, this small
amount of defocus has no serious effect on the quality
of the projection fringes.
We have discussed the behaviors of the 2D Dam-
mann grating and the cylindrical lens. It is the dif-
fractive property of the 2D Dammann grating that
provides the quality of high energy efficiency and
high compression and contrast ratios of the illumina-
tion array. The cylindrical lens realizes the transfor-
mation of the 2D spots into 1D fringe lines with the
advantages of high brightness and high compression
and contrast ratios for applications in 3D measure-
ment, which is given in the following.
4. Experimental Setup for the Three-Dimensional
Profilometry
The experimental setup is illustrated in Fig. 1 and
Fig. 2. In this system, a LD laser is used as the light
source. The incident laser beam is converged by lens
L1 and a spatial filter, diffracted by the 2DDammann
grating, and transformed by the cylindrical lens L2 to
form fringe lines upon plane P2 clearly. In the image
capturing channel, a CCD camera is used whose op-
tical axis has a small angle with that of the projection
channel. In the process of 3D surface topology extrac-
tion, two images are captured, one of which is used as
a reference image, and the other as a deformed one
containing the topology information of the object.
Fig. 3. (a) 21 × 21 spot matrix pattern produced by a 2D Dammann grating and (b) the transformed 1D fringe lines from the diffractive
pattern in (a) by using a cylindrical lens.
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Here, the central wavelength of the LD laser is
673nm. We designed and fabricated a 21 × 21 Dam-
mann grating that splits the incident beam into
441 ð21 × 21Þ beams as shown in Fig. 3(a). The period
of the Dammann grating is d ¼ 500 μm, and the size
of the grating is 10mm × 10mm. With the micro-
optics facility [14,15], the groove depth of the Dam-
mann grating is fabricated to be 659:8nm to realize a
π phase jump. The size of the cylindrical lens in the
illuminator is 50mm × 50mm, and its focal length
is 125mm.
The distance between lens L1 and the Dammann
grating G1 is less than 5mm. The spatial filter is
placed closely behind lens L1. The convergent plane
of L1 is 80 cm away. The values of z0 and z1 are 60 cm
and 50 cm, respectively. We note that the incident la-
ser beam is convergent instead of being collimated,
which leads to a little difference from Eq. (15). The
optical axis of the camera imaging channel has an
angle of approximately α ¼ 20° to that of the projec-
tion channel.
In the extraction of 3D surface topology using a
FTP algorithm, we need to determine system para-
meters to perform the phase-to-height conversion
according to Eq. (7). In the experiments, an object
with slope surface topology is initially adopted to ca-
librate the phase-to-height conversion parameter.
The maximum height of the slope surface is mea-
sured to be roughly 1 cm with a ruler. Applying
FTP algorithm upon the reference and deformed
images in Fig. 4(a) and 4(b), we can obtain the un-
wrapped phase of each point on the reconstructed
Fig. 4. (Color online) (a) Reference image used in the experiment, (b) the deformed image of an object with slope height distribution with a
folding line on the surface, and (c) the reconstructed 3D unwrapped phase distribution of the object with a maximum phase difference of
23:99 rad, which corresponds to a maximum height difference of 1 cm and is used to calculate the phase-to-height conversion parameter of
the experimental setup.
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3D surface in Fig. 4(c). Taking the maximum point in
the middle and a reference point at the edge, we ob-
tain the phase difference 23:99 rad. According to
Eq. (7), it is easy to say that 2π rad phase difference
corresponds to 2:618mm regarding this specific
system.
In the second experiment, we have measured the
surface topology of a foot model with size 3:0 cm×
1:8 cm, whose substrate has a small angle with the
reference plane. In a traditional FTP setup, the small
size of this model has a tendency to introduce local
overlapping on complex local parts. Here, we employ
this 3D profilometry adopting a 2D Dammann grat-
ing and a cylindrical lens as a structured pattern
generator to verify its effectiveness.
The height difference between the convex part and
the substrate is about 1mm. In such a case as illus-
trated in Fig. 5(a), surface scattering and reflection
have seriously affected the quality of the deformed
image. However, the benefits of using the Dammann
grating and cylindrical lens as a structured pattern
generator reduce the blurring and overlapping ef-
fects to an acceptable extent. The height distribution
of the foot model is reconstructed in Fig. 5(b). The
height difference between the convex part and the
substrate is measured along the X axis, the Y axis,
and 45° with the X axis, respectively. For the point
pair ðX ¼ 117;Y ¼ 37Þ and ðX ¼ 117;Y ¼ 77Þ, ΔZ ¼
ð19:14 − 9:779Þ × 0:1mm ¼ 0:94mm. For ðX ¼ 165;
Y ¼ 149Þ and ðX ¼ 189;Y ¼ 149Þ, ΔZ ¼ 1:02mm.
And for ðX ¼ 37;Y ¼ 109Þ and ðX ¼ 61;Y ¼ 133Þ,
ΔZ ¼ 0:83mm. It is interesting to see that the recon-
structed surface topology is quite smooth, even at
some complex area, such as that between two toes.
5. Discussion and Conclusion
From a practical application point of view, in differ-
ent application environments, different projection
techniques are used. In this paper, we report a fringe
generationmethod employing a Dammann grating to
provide structured light of high brightness and high
contrast and compression ratios. It is not a substitute
for the employment of an amplitude grating for
fringe projection. However, the need of a fringe pat-
tern of high efficiency and high contrast and com-
pression ratios is commonly involved in projection
imaging system employing FTP for some applica-
tions. The proposed technique will be of high interest
for practical applications.
A circular Dammann grating can generate circular
fringes [16]. It has been used in optical image cod-
ing [17]. Usually, the optical behavior of a circular
Dammann grating is addressed in polar coordinates.
In principle, using a circular Dammann grating to
generate structured light is also applicable in 3D
profilometry.
In conclusion, we have proposed a 3D Fourier
transform profilometry using a 2D Dammann grat-
ing and a cylindrical lens to generate structured light
for the measurement of 3D surface. The diffractive
properties of the Dammann grating allow for high
energy efficiency and uniform intensity distribution
with high compression and contrast ratios in its dif-
fractive pattern. The 2D diffractive pattern is trans-
formed into a 1D projection fringe pattern by using a
cylindrical lens. The obtained 1D fringe lines inherit
the advantages of high brightness and high compres-
sion and contrast ratios, which should result in high
visibility of projection fringes and easy recognition of
the deformed pattern for a 3D object. An experiment
based on a 21 × 21 Dammann grating verified the ef-
fectiveness of the 3D profilometry scheme.
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